138 primers to synthesize a larger plasmid containing both Sodalis dnaK and dnaJ. The template pJR1 139 plasmid was then degraded with addition of DpnI, and the reaction mixture was transformed into 140 E. coli NEB 5-alpha to recover pJR5. This plasmid was sequenced to verify that the DNA sequence 141 of dnaKJ was the same as the chromosomal sequence. To construct pSD2, pJR5 was cut with MscI 142 and a 1 kb internal segment of dnaK was deleted. To construct pRF2, a DNA fragment containing 143 grpE was PCR amplified from Sodalis with primers UR455 and UR456 digested with XbaI and 144 PstI, and ligated to pWKS30 digested with the same enzymes. 148 of 0.08 for 1 day and then thermally stressed as follows: Cultures (1 ml) were transferred to 149 microfuge tubes and placed in water baths at 25 o C or 30 o C for 15 minutes. 250 µl of RNA 150 stabilizing reagent (95% acidic phenol/5% ethanol) was added to each sample to stabilize the RNA 151 after incubation. The RNA was isolated using the RNeasy Mini Kit Procedure (Qiagen), and the 152 isolated RNA was treated with DNase I until the samples were DNA-free (Qiagen).
153
For measuring in vivo gene expression, tsetse (3 biological replicates, n=5 flies per 154 replicate) were housed at 37C for 1 hour. Controls (3 biological replicates, n=5 flies per replicate)
155 were maintained at 24C. Following exposure to thermal stress, midguts were rapidly dissected 156 from each fly and transferred to liquid nitrogen for stabilization. Samples (pools of 5 guts each)
157 were homogenized on ice in 240 µl Tri-Reagent (Zymo Research, Irvine, CA) using a motorized 158 homogenizer and then debris was removed by brief centrifugation. Total RNA (including symbiont 159 RNA) was then isolated using the Direct-zol RNA Kit (Zymo Research), and the isolated RNA 160 was treated with DNase I (Qiagen) until the samples were DNA-free.
161 cDNA was generated from 200 ng total RNA (in vitro) and 880 ng total RNA (in vivo) 162 using Superscript III and random hexamers (Invitrogen, Carlsbad, CA). Quantitative PCR was 163 performed on the cDNA samples using primers UR545 and UR546 for dnaK, UR556 and UR557 164 for dnaJ, and UR558 and UR559 for grpE. Primers QrplB1F and QrplB1R, which amplify the 165 constitutively expressed gene rplB (which had been previously verified (31, 32)), were used as a 166 control to ensure equal amounts of cDNA in each sample. Haze at 10 -1 + (10 -2 ) 33
Haze at 10 -1 220 221 a Two day old cultures of Sodalis were normalized to an OD of 0.02 (~10 7 bacteria per ml) and 222 serially diluted 1:10 four times. 10 µl of each serial dilution was spotted on agar plates and 223 incubated as indicated. The data shown are representative of at least three independent 224 experiments. +, growth at all dilutions; +, growth only to the dilution indicated in parenthesis. 225 Black shaded boxes = no visible growth. 226 227 Presence of blood in the agar or growth in microaerobic environments extends Sodalis 228 thermal tolerance 229 Tsetse's gut is likely hypoxic, and periodically replete with blood. Thus, to more closely mimic 230 gut conditions and determine how they influence Sodalis thermal stress survival, we tested the 231 bacterium's thermal tolerance when grown on BHI agar plates supplemented with blood and/or in 232 a reduced oxygen environment (through the use of CampyPak microaerobic pouches, which 233 reduces environmental oxygen levels to 5-15%). We found that either condition enabled Sodalis 234 to form colonies at the highest dilution (10 -4 ) at 30°C (Table 1) . However, as the temperature 235 increased, the ability of the bacteria to form colonies at all dilutions was diminished in these 236 supplemented growth conditions. At 32°C, no colonies were present on the blood-supplemented 237 plate incubated aerobically, and only a hazy film of growth formed at 10 -1 upon CampyPak-238 incubation. The plates that had both blood-supplementation and CampyPak-incubation showed 239 colonies at 10 -2 dilutions at 32°C, but just a haze of growth at 33°C (Table 1) .
240
Growth stimulation due to blood supplementation of agar could be due to either a 241 component of the erythrocytes or the serum fraction. To determine which contained the stimulating 242 factor(s), we added either purified erythrocytes or serum to the BHI agar plates. Only the agar 243 supplemented with the erythrocytes supported growth ( Two-day old cultures of Sodalis were serially diluted in BHI and approximately 100 bacteria were 249 spread on the indicated agar plates and incubated for 7 days. +, growth; -, no growth 250 b Defibrinated horse blood was at a final concentration at 10%. 251 c To obtain just the erythrocytes (RBC), the equivalent amount of blood for a final concentration 252 of 10% blood centrifuged (1500xg) and the pelleted RBC were added to the agar. 253 d Horse serum was added to a final concentration of 0.6%, 1.2% and 10%. 254 255 Exposure to temperatures above 30°C is lethal to Sodalis in vitro and in vivo 256 The lack of Sodalis growth above 30°C on BHI agar could be because this temperature is either 257 bacteriostatic or bactericidal (bacteria are alive but not growing, versus bacteria are dead). To 258 distinguish between these two possibilities, we exposed Sodalis cultured in BHI broth to 259 temperatures that were non-permissive for optimal growth (> 30°C) and then plated the bacteria 260 on agar plates at a permissive temperature to quantify the number of cells that remained viable in 261 the BHI broth culture. Within 24 hours of exposure to the non-permissive temperatures, all samples 262 incubated above 30°C had less than 40% survival; by 72 hours, only 0.4% of the cells were 263 recovered from samples exposed to 32°C, and no bacteria could be recovered from the samples at 264 37°C (Fig. 1A) . The samples incubated at 30°C were able to survive as well as the samples at 25°C 275 NaCl and plated on BBHI/agar. Sodalis density per midgut was determined by manually 276 counting colonies. Each data point on the graph represents one midgut (n=10 per treatment), and 277 statistical significance was determined using a one-way ANOVA followed by Tukey's HSD 278 post-hoc analysis. 315 dnaJ, and grpE expression levels. Sodalis dnaK expression increased 6-fold when the bacterium 316 was exposed to 30°C, as compared to 25°C (Fig. 2) . Likewise, dnaJ and grpE expression was 9-317 fold and 7-fold induced, respectively, at elevated temperatures (Fig. 2) . 333 significance for all experiments was determined using unpaired t-tests.
335
We performed a similar experiment with symbiont-carrying tsetse flies housed at 25°C
336 versus a cohort maintained at 37°C for 1 h. This latter temperature shift mimics that encountered 337 by enteric Sodalis when tsetse imbibes a vertebrate blood meal. Expression of all three genes 338 (dnaK, dnaJ, and grpE) increased 6-10 fold when tsetse flies were exposed to 37°C (Fig. 2 (Fig. 3) . Likewise, E. coli JW0014-1 (ΔdnaJ) and 354 DA16 (ΔgrpE) expressing Sodalis dnaJ or Sodalis grpE, respectively, survived elevated 355 temperature as well as the parent strains (Fig. 3) . We also examined the growth kinetics of E. coli strains expressing Sodalis dnaK or dnakJ 368 by performing growth curves at 30°C and 46°C. All strains grew at the permissive temperatures 369 of 30°C (Fig. 4) , although the dnaK mutant containing the pWKS30 control plasmid grew 370 slightly slower than the wildtype strain containing pWKS30. At 46°C, the E. coli dnaK mutant 371 strain containing pWKS30 did not grow. E. coli MC4100ΔdnaK expressing Sodalis dnaK or 372 Sodalis dnaKJ survived as well as the parent strain and control strains with E. coli dnaK (Fig. 4) .
373 Taken together, these data suggest that the Sodalis DnaKJ/GrpE chaperone system is sufficient 374 for mediating heat shock survival in an E. coli heterologous host strain deficient in these 375 functions.
376
377 Fig. 4 . Growth kinetics of E. coli dnaK mutants containing Sodalis dnaK or dnaK and dnaJ.
378 Mid-log phase cultures (37°C) of E. coli wt/pWKS30 or mutant E. coli [MC4100ΔdnaK (ΔdnaK)] 379 containing either pWKS30, pJR1, pJR5, or pJS2 (all plasmids used are described in Table S1) 380 were diluted to an OD 600 
